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High birth rates in the beginning and middle of the twentieth century together with the recent prominent 

advances in medical care are now resulting in an exceptional history trend of rising proportions of older 

people in the total population. From 1950 until 2013, the number of elderly quadrupled, and the current 

aging population is predicted to triple reaching over two billion people by the year 2050. Significant 

aging has tremendous consequences not only in economical and political spheres but also in the social 

processes and well-being of individuals. Prolonging of life corresponds with the higher prevalence of age-

related disorders, a large group of which is composed of neurodegenerative diseases1. To date, there is 

no efficient medication for these diseases, and the treatment is mostly symptomatic. Therefore, a crucial 

challenge in the medical sector that our society confronts with nowadays is to increase the quality of 

life of patients suffering from neurodegeneration, if not by curing the diseases, then by postponing 

pathological processes. A rapidly aging population and the problems associated with it necessitate an 

urge to unravel the mechanisms underlying degenerative processes and to search for modifiers of these 

processes. 

In this thesis, we present examples of two strategies of possible modulations of phenotypes associated 

with neurodegeneration. We have focused on two complex disorders: spinocerebellar ataxia type 3 (SCA3) 

and pantothenate kinase associated neurodegeneration (PKAN). The disease phenotype modifications 

are discussed in detail, and future research perspectives are suggested.

General treatment strategy: Treating secondary pathological processes in SCA3 by induction 

of the H
2
S biosynthesis pathway 

Our first study was focused on influencing secondary pathological processes, and to apply this strategy 

of treatment in a neurodegeneration model, for this we selected the Drosophila SCA3 model. We were 

able to suppress the eye phenotype of the flies bearing the toxic polyQ stretch by induction of the H
2
S 

biosynthesis pathway, or transsulfuration pathway. Its upregulation in different pathological conditions 

had been demonstrated to be beneficial in processes such as oxidative stress2-4, inflammation5 and by 

protecting mitochondrial function and integrity5, 6. In our study, it appeared that CSE overexpression was 

capable of partially rescuing the eye phenotype of the Drosophila model for SCA3. Studying molecular 

effects of CSE overexpression in detail revealed that the rescue was associated with reduction of the 

SCA3 induced immune response and oxidative stress. On the contrary, no effect on protein aggregate 

formation was observed in these flies. These results are consistent with the effect of supplementation 

of sodium thiosulfate to the food. Sodium thiosulfate is a donor of H
2
S and an FDA-approved medicine 

used for treatment of other disorders7, 8. Finally, our results provided evidence that the positive impact 

of overexpression of CSE was executed through the partial recovery of the decrease in protein 

persulfidation levels that occurs in the SCA3 background. Altogether, the results of this study suggest 

that activation of the transsulfuration pathway is a suppressor of the SCA3 phenotype in Drosophila and 

this function is executed by protein persulfidation on the level of secondary pathological processes, and 

not by influencing the more primary causes of the disease. This conclusion supports the hypothesis that 

manipulations of the transsulfuration pathway in SCA3 and hypothetically other polyQ disorders can be 

referred to as a general treatment strategy.

Specific treatment strategy: Modifying causal processes of the disease by replenishing CoA 

levels that are decreased in the Drosophila model of PKAN

In this chapter, we studied the specific rescue approach on in vitro and in vivo PKAN models by direct 

exogenous supplementation of the deficient compound, CoA, to cells or organisms via the medium 

and the food. Our research revealed a yet unknown source of CoA for CoA-deficient cells that 

employed uptake of exogenously supplemented CoA using only two of the classic enzymes (PPAT and 

DPCK) of the de novo CoA biosynthesis pathway. Supplemented CoA was extracellularly converted 

into 4’-phosphopantetheine, which translocated into the cells via passive transport and was then 

enzymatically converted to CoA. This novel finding in the field of fundamental cell biology can be 

potentially applied in therapy of CoA deficiency-related human diseases. In addition, the finding that 

bacteria can not obtain 4’-phosphopantetheine from their environment9 and eukaryotic cells are able to 

take up 4’-phosphopantetheineChapter 3 of this thesis reveals an interesting prospect of CoA-targeted treatment 

of microbial infectious diseases. Bacteria will die when a combination of CoA synthesis inhibitors and 

4’-phosphopantetheine is added to their environment, whereas eukaryotic cells will survive.

In search for a specific treatment strategy unrelated to the cause of the disease: Generating 

a Drosophila PKAN model for large-scale studies with modifiable phenotypes

In our third study, we established a new Drosophila wing model of CoA impairment that can be used for 

large-scale screens. Previously it was impossible to perform such studies on existing PKAN models due 

to low numbers of eclosing flies and their poor viability. Another advantage of our wing model is the 

fact that it exhibits three distinctive phenotypes that are susceptible for modulation independently of 

one another. We validated our model by partial chemical rescue as well as by a small genetic interaction 

CAG repeat
expansion
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Immune response

Oxidative stress
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Figure 1. Schematic presentation of effects of transsulfuration pathway induction in the SCA3 Drosophila model

The cause of SCA3, the CAG repeat expansion, triggers protein aggregation, which is a primary pathological process. Next, secondary 

pathological processes, such as immune response and oxidative stress get involved, and this step can be modulated by induction of 

the transsulfuration pathway.
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study. This PKAN model can further be used not only to define the underlying pathological processes of 

the disease in a separate organ but also in a search for suppressors as potential treatment candidates or 

enhancers to see whether mutations in the latter are also implemented in the faster and/or more severe 

disease progression as observed in a subset of patients. So far, there is no explanation why some patients 

show a steeper decline of neurological functions compared to other patients with the same mutations.

Moreover, we used our model to test whether a general treatment strategy is applicable in our model. In order 

to do so, we measured the effects of the H
2
S biosynthesis pathway, which is unrelated to the CoA biosynthesis 

pathway and had previously been shown to modify neurodegeneration10-12, Chapter 2 of this thesis. It appeared that 

CSE overexpression partially rescued one of the phenotypes associated with PKAN impairment, whereas 

CSE knockdown enhanced it. Such association between the dPKAN/Fbl knockdown-induced tissue 

degeneration and other pathways not directly involved in the CoA biosynthesis, suggests existence of 

other PKAN modifying genes and compounds independent of the primary cause of the disease. Using 

this model, we demonstrated that at least two of the phenotypes of the model could be modified: 

induction of H
2
S biosynthesis partially rescued the held-out wing phenotype and supplementation of 

pantethine to the fly food rescued the smaller wing phenotype. These results prove that the phenotypes 

can be modified independently of one another. 

Thus, our Drosophila wing model of PKAN can serve as a tool to identify novel candidates for a specific 

treatment strategy that are not associated with replenishing decreased CoA levels. These findings indicate 

a new point of view on possible therapeutic strategies of PKAN disease.

Research significance

Although the studies discussed in this thesis may eventually offer a medicine against the neurodegenerative 

disease PKAN, they do not provide a solution for neurodegeneration in general. However, we have 

investigated various treatment strategies via boosting the transsulfuration pathway that could potentially 

improve the state of neurodegeneration. In the present situation, when the numbers of elderly and, hence, 

neurodegeneration in patients is increasing, it would already be a great achievement to at least postpone 

pathological processes and broaden the spectrum of treatment possibilities if not cure the disease. As a 

result, this would lead to an improvement of life quality among aging population and decrease financial 

burdens caused by age-related diseases.

Moreover, the tactics of the study design described in this thesis illustrates the possibility to choose a 

general or specific approach of disease phenotype modulation in particular examples of two disorders, 

PKAN and SCA3. These strategies can be further applied for a broader range of diseases under investigation.

Finally, our findings reveal completely novel chemical and biological mechanisms. In the PKAN study, 

we demonstrate that 4’-phosphopantetheine directly crosses the cellular membrane and is able to 

replenish the intracellular levels of CoA. This finding hypothetically proposes a new replacement therapy 

for PKAN patients. Earlier, another precursor of CoA, pantethine, had been proven to rescue the PKAN 

Drosophila model13. However, in serum, pantetheine appeared to be rapidly converted into vitamin B5 

and cysteamine by pantetheinases making it an inefficient therapeutic candidate14-16. The finding of 

4’-phosphopantetheine being taken up by the cells and exhibiting rescue effects in the CoA impairment 

background offers a new therapeutic prospective on this molecule in PKAN. Also, our study proves the 

fact that, even after many decades of CoA research, there is a major lack of knowledge of its metabolism 

in organisms. 

The study of effects of hydrogen sulfide biosynthesis pathway in SCA3 discloses not only the positive 

action of the gas in neurodegeneration but also the fact that protein persulfidation levels are affected in 

the disease and can be modulated. 

In the study of our newly generated PKAN wing model, a pathway unrelated to the PKAN origin, H
2
S 

biosynthesis pathway, is capable of modulating the disease phenotype. All these discoveries give a new 

prospective on the disease pathology and treatment.

FUTURE PERSPECTIVES

Hydrogen sulfide and its application in neurodegenerative diseases

Our data indicate a general rescue potential of the transsulfuration pathway in such pathological processes 

as, for example, oxidative stress response and inflammation5, 17. As discussed earlier, these processes are 

common for nearly all neurodegenerative disorders18-20. This implies that hydrogen sulfide could be 

potentially efficient in reducing and/or postponing secondary pathological processes taking place in 

various neurodegenerative diseases. Further studies in other neurodegenerative models of different 

origins need to be performed to confirm this hypothesis.

In our experiments, induction of hydrogen sulfide synthesis was achieved by CSE overexpression as 

increased protein persulfidation of CSE-overexpressing samples implies. Besides CSE, there are other 

enzymes implicated in the biosynthesis of H
2
S. Cystathionine beta-synthase (CBS) catalyzes the first step 

in the transsulfuration pathway21 and its overexpression enhances longevity upon dietary restriction22. 

Conceivably, CBS overexpression would play a modifying role in neurodegeneration as well as CSE does, 

and, hence, co-overexpression of CSE and CBS could be tested in various neurodegenerative models for 

a more distinct beneficial effect by a stronger induction of H
2
S production. 

We have demonstrated that thiosulfate, as a member of the transsulfuration pathway and a precursor of 

H
2
S23, exhibits protective functions similar to those of CSE overexpression in the SCA3 model. The choice 

of sodium thiosulfate (STS) as an H
2
S donor was dictated by the fact that STS is a clinically approved 

compound24. Potentially this means that our discovery of the positive effects of the transsulfuration 

pathway could be relatively easy translated into the medical treatment of SCA3. However, other slow-

releasing H
2
S donors with a higher therapeutic potential have recently been developed as well25-27. 

Replacing supplementation of STS in the SCA3 model with supplementation of such a slow-releasing 
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hydrogen sulfide donor could enhance the rescue capacities of the compound-triggered induction of 

the transsulfuration pathway. 

It has been recently proposed that hydrogen sulfide exerts its effects via protein persulfidation28-30 and 

that protein persulfidation acts as a signaling pathway31, 32. Paul and Snyder propose that the role of protein 

persulfidation is even comparable in its prominence to the functions of phosphorylation33. However, 

besides the few studies on this topic, most assumptions remain speculative. Therefore, more extensive 

research of protein persulfidation as a signaling pathway in various molecular processes and tissues needs 

to be carried out. For example, it has been established that H
2
S producing enzymes are expressed, among 

other organs, also in the brain34-36. Studies focused on the effects of hydrogen sulfide in neurodegenerative 

diseases discovered its altered levels in Parkinson’s and Huntington diseases12, 37. Furthermore, a link 

between protein persulfidation and neuroprotective effects of parkin has been proposed38, and the role 

of hydrogen sulfide and protein persulfidation in the brain has been acknowledged39-41. Nonetheless, 

the role of protein persulfidation as a signaling pathway in the physiological and pathological brain has 

been studied extremely poorly. As described earlier, our study of protein persulfidation levels in the SCA3 

Drosophila model reveals decreased levels in the pathology. Thus, it is essential to investigate whether 

this phenomenon is a general event for all the neurodegenerative diseases or it is associated solely with 

SCA3. In case protein persulfidation is overall decreased in neurodegeneration, the next step would be 

to uncover specific proteins associated with the pathology and study how common they are for all the 

disorders. 

As regards spinocerebellar ataxia type 3, further research should focus on detecting proteins, which 

are less sulfhydrated in the disease model and which protein persulfidation levels are restored by 

CSE overexpression. This can be done using the tag-switch assay with fluorescence labeling, with the 

following extraction of the affected proteins for mass spectrometry analysis. The obtained information 

might propose a mechanism of protective effects of the transsulfuration pathway. As a follow-up of such 

a study, one could question whether protein persulfidation could serve as a disease biomarker. It has been 

previously shown that nitrosylation of a serum alpha-synuclein could be a potent marker for Parkinson’s 

disease42. Phosphorylation of different proteins can be used as a marker of various brain disorders43-45. 

In a similar manner, protein persulfidation could potentially be employed for diagnostic purposes in 

neurodegenerative diseases.

Considering association between hydrogen sulfide and pathological processes in the brain, it is 

important to pay particular attention to memory and learning. To our knowledge, only few studies have 

demonstrated positive effects of hydrogen sulfide on memory and learning in brain disease models46, 47. In 

the meantime, hydrogen sulfide might be a potent candidate for memory and learning modulation, and 

its function in these processes might be exerted via protein persulfidation signaling.

The role of CoA in the organism in general and in PKAN in particular

Our study of the alternative mechanism of replenishing intracellular levels of CoA proved that the 

commonly accepted theory about intracellular biosynthesis as the only source of CoA in the cell was 

invalid. This means that even now, a century after the discovery of CoA, there is still a major lack of 

knowledge about CoA metabolism and the processes CoA plays role in. 

One of the questions that remained unanswered is whether 4’-phosphopantetheine transport through 

the cell membrane is a physiological process or it was triggered by artificially high levels of extracellular 

CoA. In case it is one of the physiological functions, the recently proposed signaling role of CoA48 might 

be exerted through 4’-phosphopantetheine. This hypothesis requires further investigation. 

A great potential of our findings lies in the therapeutic possibilities that translocation of CoA inside the cell 

offers. Taking into consideration that pantethine, a precursor of CoA from the classic CoA biosynthesis 

pathway, is rapidly degraded14, 15, both CoA and 4’-phosphopantetheine could be alternative candidates 

for treatment of pantothenate kinase associated neurodegeneration. Having said that, it is important 

to emphasize that CoA levels in PKAN patients have never been measured and it remains, therefore, a 

question whether it is the deficiency of CoA itself that causes the disease phenotype in humans. Thus, one 

of the main steps in unraveling the mysteries of PKAN and searching for the appropriate treatment should 

be a study of CoA levels in patients.

A novel Drosophila wing model of PKAN and its use in search for pathological processes and 

new treatment strategies of PKAN

Our third study of PKAN modifiers in the novel Drosophila wing model revealed that the transsulfuration 

pathways could modulate one of the disease phenotypes. Our results have proven our hypothesis about 

the possibility to modulate PKAN phenotype by modulating a pathway that had never been associated 

with CoA impairment before. 

Another observation was the diversity of the phenotypes of the PKAN wing model and the fact that 

they can be modified independently of one another. Pantethine rescued only the wing size phenotype, 

whereas the held-out position was partially rescued by induction of the transsulfuration pathway. This 

suggests involvement of a broader range of genes and pathways affected downstream of CoA impairment 

and grants a possibility to discover other PKAN modifiers outside the CoA biosynthesis pathway.

Besides the approach of a candidate choice implemented in the current study, multiple ways of selecting 

candidates that modulate a phenotype can be applied in future studies in our wing model. One example 

is a genetic screen, in which one can determine the modulation of the phenotype by a selected group 

of genes or by performing a genome wide screen to identify unforeseen players49. Another widely used 

approach is a pharmacological screen (Agrawal et al., 2005), possibly with an accent on the compounds 

that are already in use as FDA-approved medicines for other diseases.

The fact that the PKAN wing model exhibits three phenotypes, two of which can be modified, implies 

that there are several underlying processes downstream of CoA impairment causing these phenotypes. 

The held-out position of the wings is partially rescued by induction of the H
2
S pathway, which is also 

know for its beneficial effects against oxidative stress2-4. This effect is also shown in our study of the SCA3 

modelChapter 2 of this thesis. Increased oxidative stress is also associated with another Drosophila model of PKAN13, 
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50. These two facts imply that it might be interesting to evaluate the oxidation processes taking place 

in the wing model of PKAN and distinguish the mechanisms, through which it might lead to the held-

out position. The wing size has been associated with defects in such processes as proliferation51 and cell 

death52 and with several signaling pathways like Hippo and TOR pathways53, 54. Increased apoptosis has 

also been shown to contribute to the phenotype of another model of PKAN50. Therefore, it might be 

worth analyzing these processes and pathway in more detail and how they are association with the size 

phenotype of our developed PKAN wing model.

In case of proven association of any of those processes with CoA impairment in the wing model, there is a 

possibility that their dysregulation contributes to the PKAN phenotype in patients. Better understanding 

of the mechanism of phenotype development downstream of CoA impairment will provide an 

opportunity to target the dysfunctional pathways directly instead of treating the symptoms only. The 

latter is unfortunately the only available PKAN therapy at the moment.

In this thesis we have demonstrated three approaches in treatment of two models of neurodegenerative 

disorders: the general strategy focusing on influencing common secondary processes in pathology 

(chapter 2), the specific strategy aiming at curing the primary cause of the disease (chapter 3) and 

the specific strategy (chapter 4) that does not affect the obvious primary cause but is making use of 

disease specific modifiers not directly related to the “obvious” or known disease origin. As there are no 

efficient strategies to treat neurodegeneration yet, in further studies, it might be beneficial to combine 

the mentioned three strategies to achieve a higher efficiency in treating neurodegenerative disorders. 
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